An electrical method of investigating non-uniformities of superconducting filaments and multifilamentary composites is described. It is based on the measurement and analysis of the recovery part of the current-voltage characteristic. As an example, results obtained on a Nb-Ti filament 11 /zm in diameter are presented. The influence of some artificial inhomogeneities on the recovery part of the current-voltage characteristics of a 36/zm Nb-Ti filament is also demonstrated.
The non-uniformities of superconducting fdaments in NbTi multifilamentary composites are currently the subject of intensive theoretical and experimental studies t-3. The non-uniformities of critical current density and cross section of individual filaments as well as along them are considered to determine the form of the current-voltage characteristics observed on multifilamentary composites 4-7. On the other hand, analysis of the current-voltage characteristics allows an evaluation of the uniformity of superconducting filaments in composites.
To study geometrical non-uniformities of filaments various methods can be used. The most conventional is scanning electron microscopy. But this method does not allow investigation of the non-uniformity of electrical properties, such as critical current or normal state resistivity variations along the filaments. This paper presents a new electrical method for investigating the non-uniformities, based on the analysis of the recovery part of the current-voltage characteristics. It is also shown that by this method geometrical nonuniformities, as well as non-uniformities of electrical properties and heat transfer, can be evaluated. The method is based on the analysis of steps on the recovery part of the current-voltage characteristic caused by normal zone localization on non-uniformities (see the theory in the Reference 8).
Theory
Consider a superconducting filament including nonuniformities of its parameters along the sample length. The parameters mentioned may be of different physical nature. Generally, non-uniformities may be caused by variation of the critical current density, the filament cross section, the normal state resistivity, the critical temperature and so on. Experiments have shown that the variation of the local critical current density manifests itself in the normal state resistivity variation 9. The local critical temperature depends on the local material composition, which influences the normal state resistivity.
Suppose then that the non-uniformities of different physical nature manifest themselves in the variation of the normal state resistance per unit length r along the superconducting filament.
As an example, in Figure 1 the parameter r is shown as a function ofx (the x axis is identical with the filament axis). The characteristic length of the non-uniformity is 1. If the whole filament is normal, the voltage U is given by where a is the filament length and I is the current. While the current decreases, the process of normal zone disappearance starts at a certain value of I and the voltage U becomes proportional to the total length of the normal zone regions. Note that in an inhomogeneous sample several normal zone regions may exist simultaneously•
The situation depends on the ratio l/L, where L is the width of the superconducting-normal zone boundary (see Figure 2 ). The value of L is given by 7
where ~ is the thermal conductivity of the filament, A is the area and P is the perimeter of its cross section, and h is the heat transfer coefficient to the coolant. Figure  3a) . Thus, for example, lp is lower in the regions where r(x) is higher and vice versa. Starting from the normal state and decreasing the transport current, the value of U is given by the sum U = ET=t U~, where U~ is the voltage on each normal zone region
where at(l) and b~ (1) are the roots of the equation
The graphical solution of this equation is given in Figure  3a for a general case of smooth inhomogeneities. As seen in this figure, the parameters a and b depend on I.
The corresponding current-voltage characteristic is shown in Figure 3b . It was assumed that for increasing current the normal zone first originates in point A. The normal zone length monotonically increases up to I = 1+, after which the left normal zone boundary jumps to point C. Thus, the monotonic dependence It(x) leads to stepwise and non-linear current-voltage characteristics with hysteresis.
Note that a special case of rectangular inhomogeneities may exist when normal zone lengths are practically independent of/(see insert in Figure 3a) . The correspond- Figure 3b .
Consider now the second case, l ,~ L. This type of inhomogeneity will be called a 'point' inhomogeneity. The only type of point inhomogeneities considered will be those whose presence leads to a local temperature rise in the normal state ('hot' points). In addition the distance between the hot points is assumed to be > L. A possible distribution of normal and superconducting zones along a filament is shown in Figure 4 for I < lp, where Ip is constant between hot points. This distribution is metastable and originates as follows.
Begin from the normal state. When decreasing the current to a value I < lp, some superconducting domains arise. In general, this process is of random nature, e.g. it starts from randomly distributed points. The propagation of superconducting zones may be interrupted near hot points, if the heat release is high enough• The condition for such a normal-superconducting boundary localization is given by the formula where I" is a dimensionless parameter characterizing the additional heat release
F= rL ,o rL where r is the resistance per unit length, which is constant between hot points, and the product &rl is the additional resistance of a hot point. Consider now the form of the recovery part of a current-voltage characteristic due to the existence of hot points. Begin, for example, from the normal-superconducting zone distribution shown in Figure 4 . The total voltage U is given as
Here the values xi are determined by distances between point inhomogeneities, so they are independent of the current I. While I is further decreasing, the voltage U decreases linearly in proportion to I. At a certain value of li the difference between Ip and I i becomes higher than necessary for localization of the normal-superconducting boundary on the inhomogeneity given by Equation (3). In the case being treated it occurs first at the point x3 at I = 13. Thus the normal zone between xl and x3 disappears. The total voltage given by Equation (6) changes abruptly at I = 13 and becomes equal to
Ft" I" f x.. ]
and so on.
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Experimental
To demonstrate the influence of inhomogeneities on the recovery part of the voltage-current characteristic a sample of relatively thick (36/xm diameter) Nb-Ti monofilament was prepared, as shown in the insert in Figure 5 . The recovery part of the voltage-current characteristic was very sharp, as shown in Figure 5 . As the resistive parts of the voltage-current characteristics of this sample measured in external magnetic fields were very sharp too, the sample was supposed to be homogeneous. Further, three types of artificial inhomogeneities were prepared successively and their influence on the recovery part of A-V characteristics measured: 1 = 5 mm of the filament length between the potential contacts was covered with a thin layer of General Electric varnish (heat transfer inhomogeneity); 2 the filament between the potential taps was etched slightly over a length of =2 mm; and 3 the filament was etched a little more over a length of =10 mm.
The recovery characteristics of the original sample and those of the same sample with the mentioned inhomogeneities are shown in Figure 5 . Note that the magnetic field up to 1 T did not influence the measured recovery curves. Experiments on thinner Nb-Ti filament extracted from a twisted multifilamentary composite, in which inhomogeneities can be expected, are now discussed. The filament was extracted from a multi filamentary Nb-Ti composite 0.524 mm in diameter containing 1045 filaments, each 11 /xm in diameter, embedded in Cu/CuNi matrix. First, the matrix was etched off over a length of 25 mm. On both sides 1 cm of the composite was not (1 -6)
Q
Sample of 11 #m Nb -Ti filament with six potential taps etched; these parts served as current contacts (see Figure   6 ). The distance between the neighbouring taps was 5 mm. Table I gives the exact distances as well as the resistance and the mean filament diameter between the taps, measured by scanning electron microscopy (SEM). The sample was supplied from an ordinary 4.5 V battery. A variable resistor for current control and another normal resistor for obtaining the signal proportional to the sample current were in series with the sample. The voltage-current characteristics were recorded with an X-Y analogue recorder.
First, sensitive measurements of the voltage-current characteristics between all potential taps in a magnetic field of 5.46 T were made. They are shown in Figure 7 . From these measurements critical currents corresponding to the electric field 0.1 #V cm -t were estimated ( Table 1 ).
The lowest Ic value was measured between taps 3 and 4; this means that the 'weak spot' in It is situated between these taps.
Further measurements were made with lower voltage sensitivity in order to be able to record the interesting part of the normal state voltage-current characteristic and the recovery of the sample into the superconducting state.
Starting from zero, current was increased up to a transition into the normal state. This part of the I-I/ characteristic was not recorded. The recovery part of the characteristic was recorded. Figure 8 shows the recovery characteristic measured between the taps 1 and 6 (whole sample length) and Figure 9 shows similar curves measured between taps 1 and 2 and 3 and 4. The stepwise form of the curves indicates the localization of normal (resistive) domains in the sample.
Discussion
First, characteristic parameters of the sample are calculated. Assuming the filament diameter d = 11.2/zm, the thermal conductivity r = 1 W cm -t K -1, and the 
Ph(T~ -To)
Because a -> 1, the minimum propagating current Ip can be calculated as (see, for example, References 7 and 8) Figure 7 ) the corresponding values of the parameter F are obtained as
The value of minimum propagating current Ip is assumed to be identical with the beginning of the recovery. The mean value of Ip obtained in this way between all pairs of potential taps is 14.15 mA. Figure 10 shows the distribution function of F between potential taps 1 and 6. As seen from this figure there are two groups of hot points: 15 relatively weak non-uniformities with r < 0.12 and five relatively strong ones with 0.2 < r < 0.3. A similar distribution function obtained from measurements between taps 3 and 4 is shown in Figure 11 . Up to now, it has been assumed that only point inhomogeneities exist in the measured filament. But direct measurements of critical current and normal state resistance show these varying slowly along the filament (see Table 1 ). Similar results were obtained for variations of filament diameter using SEM. Thus both smooth and point inhomogeneities exist simultaneously in the fdament. This evidently leads to weak non-linearity of the current-voltage characteristic and to the fact that some 'quasilinear' parts of the observed current-voltage characteristics between the jumps can not be extrapolated to the point I = 0.
Conclusions
The electrical method presented above allows investigation of the non-uniformities of a superconducting filament or wire (composite) by analysis of their I-V characteristics. This method was demonstrated on one Nb-Ti filament = 11 #m in diameter. It was shown that the recovery part of its I-V characteristic is stepwise. The parameters of steps in measured voltage can be used to evaluate the distribution of the non-uniformities along the measured filament. Measurements on the Nb-Ti sample 36 #m in diameter with three types of artificial inhomogeneity demonstrated their influence on the recovery part of the I-V characteristics.
This method together with SEM allows quite complete information on non-uniformities in superconductors to be obtained.
